Introduction {#sec1-1535370214566558}
============

The modular nature of protein interactions {#sec2-1535370214566558}
------------------------------------------

Communication between proteins plays a major role in cellular homeostasis, as protein--protein interactions can create regulation of considerable complexity.^[@bibr1-1535370214566558]^ To understand how these interactions are achieved, it is often helpful to look at protein partners not as single entities, each acting as an integrated whole, but rather as collections of smaller units, each with its specific role in interaction. These smaller units can be independently folding domains, short linear binding motifs,^[@bibr2-1535370214566558]^ as well as the connecting regions that despite their lack of defined tertiary structure are increasingly recognized as important components of the protein and its function.^[@bibr3-1535370214566558],[@bibr4-1535370214566558]^ Indeed, proteins have been shown to evolve by creating new combinations of existing self-autonomous domains---nature's lego-building blocks^[@bibr5-1535370214566558]^---rather than by the invention of novel domains^[@bibr6-1535370214566558]^.

Linear motifs and their binding domains play a major role in cellular regulation---fine tuning is achieved by multiple interactions {#sec3-1535370214566558}
-----------------------------------------------------------------------------------------------------------------------------------

Modular interactions between these building blocks are the driving force in the evolution and wiring of cell signaling circuits.^[@bibr7-1535370214566558]^ Context-dependent, tunable interactions and switching behavior usually involve short linear motifs, post-translational modifications,^[@bibr8-1535370214566558]^ and flexible linkers.^[@bibr9-1535370214566558]^ A substantial fraction of protein--protein interactions is mediated by linear motifs or peptides (estimated around 40%^[@bibr10-1535370214566558]^ or even higher^[@bibr11-1535370214566558]^). It is therefore not surprising that interactions mediated by linear motifs and their corresponding binding domains, such as SH2, SH3, PDZ, and WW, are prominent in the regulation of pathways linked to serious diseases including several forms of cancer.

Cellular regulation and response to internal and external stimuli is directed by the combination, frequency, and intensity of linear-motif-mediated interactions between protein partners, which are easily modulated by post-translational modifications. Consequently, regulatory proteins, by means of the domains they contain, their local concentration, and post-translational modifications, compete with one another to determine the fates of their targets---to activate or to inhibit; to degrade or to sequester (see [Figure 1](#fig1-1535370214566558){ref-type="fig"}). Concentration-dependent competition of targets for the regulatory protein can also help to determine which target will bind, and consequently which pathway will be activated (e.g. Kiel *et al*.^[@bibr12-1535370214566558]^). Figure 1**The life cycle of a regulatory protein is determined by WW domains.** Proteins that contain (multiple) WW domains are involved in the tight regulation of both activation and clearance of major players in critical regulatory pathways. A simplified scheme of this process consists of the following steps: The target protein (white ellipse) is activated (bold outline) by binding to an activator protein (gray trapezoid), and subsequently targeted for degradation (dotted outline) by binding to an E3 ubiquitin ligase (gray rectangle).^[@bibr31-1535370214566558],[@bibr32-1535370214566558],[@bibr43-1535370214566558]^ Both steps are regulated by competition with a sequestering protein (black triangle),^[@bibr20-1535370214566558]^ as well as often by phosphorylation.^[@bibr32-1535370214566558]^ All these interactions are mediated by interactions between WW domains (labeled dark gray rectangles) and the polyproline ligands on the target (black rectangles). The different targets, activators, and E3 ubiquitin ligases discussed in more detail in the text are shown, together with their number of WW domains. We note that interactions with different partners may involve different (numbers of) WW domains. See text for more details. (A color version of this figure is available in the online journal.)

Tandem repeated modules allow for fine-tuned regulation {#sec4-1535370214566558}
-------------------------------------------------------

Proteins involved in cellular regulation are often composed of multiple peptide binding domains of varying type and number. This multiplicity is usually matched by the presence of several binding motifs on corresponding target proteins. One particularly interesting case is the occurrence in a protein of tandem repeats of the same domain or the same linear motif. This review will discuss possible ways by which such domain and motif repeats cooperate to achieve regulations of increasing complexity. Our focus will be on the well-known prototype example: interaction and regulation mediated by the abundant WW domain and its polyproline peptide ligands.

WW domains: Short, versatile domains involved in a variety of interactions {#sec5-1535370214566558}
==========================================================================

With 35--40 residues, WW domains are among the smallest independently folding domains.^[@bibr13-1535370214566558][@bibr14-1535370214566558]--[@bibr15-1535370214566558]^ As such, the WW domain has been the focus of many studies on protein structure stability and design.^[@bibr18-1535370214566558]^ Nature also utilizes these domains extensively: WW domains have been found in many human proteins and play integral roles in systems connected to the appearance of Alzheimer's, Huntington's, muscular dystrophy, and cancer.^[@bibr19-1535370214566558],[@bibr20-1535370214566558]^ In particular, loss-of-function mutations that disrupt WW domain--ligand interactions can lead to major complications, such as mental retardation that results from a point mutation in the WW domain of PQBP1 in Golabi--Ito--Hall syndrome^[@bibr21-1535370214566558]^ and hypertension that results from a point mutation in the PPXY motif in the epithelial Na^+^ channel, ENaC, in Liddle syndrome.^[@bibr22-1535370214566558]^ It is therefore not only interesting, but also very applicative to enhance our understanding of these domains and how they contribute to function within the full protein context.

WW domains fold into a three-stranded beta sheet that binds polyproline motifs. They have been divided into four main classes, corresponding to the polyproline motif with which they interact^[@bibr23-1535370214566558]^: class 1 with PPxY motifs, class 2 with PPPL/R motifs, class 3 with (PxxGMxPP)\*2 motifs, and class 4 with (**p**S/**p**T)P motifs (**p** = phosphorylation). Additional phosphorylation events regulate these interactions, in the WW domain (e.g. **p**Y33 residue in the first WW domain of (WWOX) activates binding to p73^[@bibr24-1535370214566558]^) as well as in binding motifs (PPx**p**Y in WBP1 abolishes binding of YAP^[@bibr25-1535370214566558]^). Here we will focus on the means by which WW domains are involved in manipulating cellular behavior. We first review studies of WW domains as autonomous units and then include the context imposed by neighboring WW domains occurring in tandem.

Isolated WW domain--peptide interactions are rather promiscuous {#sec6-1535370214566558}
---------------------------------------------------------------

The most basic approach would assume an autonomous nature of domain-ligand binding even when removed from the context of their respective proteins. Several studies have attempted to evaluate the peptide-binding specificities of individual WW domains in humans and other organisms (using a wide range of assays including ELISA-like binding, mass spectrometry and pull-down, phage display, and peptide arrays).^[@bibr26-1535370214566558][@bibr27-1535370214566558][@bibr28-1535370214566558]--[@bibr29-1535370214566558]^ The most exhaustive study among these involved detailed mapping of interactions between all possible WW domains and corresponding peptide ligands in the human proteome.^[@bibr26-1535370214566558]^ All predicted WW domains were cloned (a total of 65 clones) and every known consensus of peptide ligands (including flanking regions) was synthesized (around 2000 peptides), and each combination was matched in a quantitative ELISA-like binding assay, to be scored according to their determined binding affinity. Analysis of this experiment offers a glimpse into the indiscriminate nature of autonomous WW domain protein--peptide interactions. Among the roughly 1000 ligands that bound selectively to WW domains, only about one-third were qualified as "very selective" (i.e. binding to three or less of the WW domains), while two-thirds were ranked "moderately selective" (binding between four and 30 domains), and a revealing 77 peptide ligands displayed the ability to bind at least half of the identified WW domains. Conversely, among the 65 cloned WW domains, almost half bound up to 5% of the ligands, only a few bound to more than 25%, and none to more than 45% of the ligands.

As with any experiment that is done on a large scale and outside of its natural setting, results may not always parallel reality. For example, none of the 16 ligands identified in this study as binding the second WW domain in the WWOX protein could be recapitulated in physiological concentrations in a later study using mass spectrometry and phage display to identify binding partners to the first and second WW domains in WWOX.^[@bibr30-1535370214566558]^

Putting domains back into context: How competition between WW domain containing proteins regulates cell proliferation {#sec7-1535370214566558}
---------------------------------------------------------------------------------------------------------------------

This considerable promiscuity among autonomous WW domain--peptide interactions indicates a rather non-specific way by which individual WW domains can bind to many different polyproline peptide partners, and *vice versa*, target proteins can bind to a variety of WW domains in different regulatory proteins---all depending on the specific temporal and spatial context. Unsurprisingly, WW proteins are important regulators in the activation and clearance of targets that play critical roles in a number of signaling pathways. This, however, also raises the question as to whether and how greater specificity and binding affinity are acquired in WW domain interactions. For this purpose, it is helpful to examine WW domains not only as autonomous units but also within their larger biological context ([Figure 1](#fig1-1535370214566558){ref-type="fig"}).

### Regulation of activation by WW domains {#sec8-1535370214566558}

Take, for example, the well-studied dynamics between YAP and WWOX, two WW domain-containing proteins known to compete for interaction with several shared partners active in nuclear transcription control ([Figure 1](#fig1-1535370214566558){ref-type="fig"}, left side).^[@bibr31-1535370214566558]^ Most notable of these, ErbB4 undergoes cleavage in the cytoplasm and translocates to the nucleus where it acts as a transcription factor for the acceleration of cell proliferation. Binding of YAP with ErbB4 induces ErbB4 activity, in turn increasing cell proliferation. Conversely, binding of WWOX with ErbB4 inhibits this YAP--ErbB4 interaction, thus decreasing cell proliferation by sequestration of ErbB4 in the cytoplasm. A proper balance between YAP and WWOX binding with ErbB4 is therefore essential in maintaining a healthy rate of cell growth, as was established by the dose-dependent inhibition of YAP--ErbB4 transactivation upon introduction of increasing amounts of WWOX into the cell.^[@bibr31-1535370214566558]^ This is a balance so important to cell stability that its disruption has been implicated in the appearance of tumor growth and cancer, in particular since the *wwox* gene is located in a fragile region.^[@bibr19-1535370214566558],[@bibr20-1535370214566558]^

### Regulation of clearance (degradation) by WW domains {#sec9-1535370214566558}

The final stages of a target protein's life cycle are also regulated by WW domains, here located in E3 ubiquitin ligases, the factors that lead to its degradation. Take, for example, the regulator proteins of the TGF-β and BMP signaling pathways.^[@bibr20-1535370214566558],[@bibr32-1535370214566558]^ Pathway signaling is directly activated by R-Smads 1--3 and 5 and Co-Smad 4, and inhibited by I-Smads 6--7, all of which contain PPxY motifs. The opposing effects of the two Smad sets are coordinated by a common group of WW domains: in the sequester WWOX, the activators YAP and Peptidyl-prolyl cis-trans isomerase NIMA-interacting (Pin1), and finally in the E3 ubiquitin ligases SMAD ubiquitination regulatory factor (Smurf1/2) and E3 ubiquitin-protein ligase Nedd4-like (Nedd4L). Despite the antagonistic nature of regulatory and inhibitory Smads, their shared regulatory WW proteins act similarly toward both. That is to say, YAP exists simultaneously as an ON switch of both R- and I-Smads ([Figure 1](#fig1-1535370214566558){ref-type="fig"}, center). Likewise, ubiquitin ligases Smurf1/2 and Nedd4L serve as OFF switches for several activator R-Smads, as well as inhibitor I-Smad7 ([Figure 1](#fig1-1535370214566558){ref-type="fig"}, right side). WWOX on the other hand acts as mediator of the onset of the ON and OFF switches ([Figure 1](#fig1-1535370214566558){ref-type="fig"}, left and right sides), since sequestration may prevent entry of its target proteins into the nucleus and thereby transcription factor activation, but also prevents degradation of the same target protein by competing with ubiquitin ligases such as Nedd4L. The differential regulation of R- and I-Smads is based on the details that distinguish their binding patterns: While the constitutive interactions with Inhibitory Smads are phosphorylation independent and involve only (or mainly) one WW domain (in YAP, Pin1, Nedd4L, and Smurf1/2), interactions with the Regulatory Smads are tightly regulated and predominantly involve the binding of tandem WW domain pairs to a more complex binding pattern of composite, phosphorylation-dependent (**p**S/**p**T)P-polyproline motifs.^[@bibr32-1535370214566558]^

Strategies for fine-tuned regulation of WW domain--polyproline ligand interactions using tandem domains {#sec10-1535370214566558}
=======================================================================================================

It therefore appears that while in principle the competitions between different WW domain containing proteins for a common target described earlier ([Figure 1](#fig1-1535370214566558){ref-type="fig"}) could be achieved by a single WW domain in each, it turns out that in fact many involve more than one domain (and consequently, often a more complex, composite binding motif on the partner^[@bibr32-1535370214566558],[@bibr33-1535370214566558]^). Why? In this review we sketch out different possible ways by which WW tandem repeats have been used by nature to fine-tune regulation ([Figure 2](#fig2-1535370214566558){ref-type="fig"}). Some have already been described in a previous review by Sudol in 2005.^[@bibr34-1535370214566558]^ We start with strategies observed in the systems detailed earlier: First we describe the arguable simplest scenario of enhanced binding that is obtained by multiple, additive binding by tandem domains to polyproline motifs on a target, as originally suggested for YAP ([Figure 2(a)](#fig2-1535370214566558){ref-type="fig"}). We then describe a scenario at the other extreme end, where the role of one WW domain in the tandem repeat has been reduced to stabilize---chaperone---the second domain, giving up its own binding ability to the target, as seen in WWOX ([Figure 2(b)](#fig2-1535370214566558){ref-type="fig"}). Within the frame of these two extreme scenarios, we sketch out a broad range of possible ways of mutual influence of tandem domains toward overall binding affinity and specificity, and of different strategies for communication between WW domain repeats in Nedd4L and other ubiquitin ligases Su(dx), Smurf1, and Smurf2 ([Figure 2(c)](#fig2-1535370214566558){ref-type="fig"} to ([e](#fig2-1535370214566558){ref-type="fig"})). Finally, we discuss what we can learn from solved structures of tandem WW domains, which provide a particularly useful source to demonstrate the rich variety of mutual influence of tandem WW domains ([Figure 3](#fig3-1535370214566558){ref-type="fig"}). Figure 2Strategies for integration of input from different WW domains. Tandem WW domains in proteins can communicate in different ways during binding to their polyproline (and/or (**p**S/**p**T)P) ligand containing targets. This figure depicts the main strategies reported in literature and discussed in this review. In each example (except for (a)), the discussed WW domain is highlighted by a dotted rectangle and labeled in bold. For the WW domains, unstable domains are shown in dotted outline and the peptide binding site is indicated by a sickle. Different binding specificities are indicated by different fills (e.g. granite texture for Pin1-ligand binding to a (**p**S/**p**T)P ligand). Binding/nonbinding is shown by "v" and "x" signs, respectively. See text for more details. (a) Additive effect (as originally suggested for YAP2):^[@bibr39-1535370214566558]^ Both tandem domains (e.g. WW1 and WW2 of YAP2) are independently capable of interaction with motifs on the target protein (e.g. ErbB4), but two such interactions significantly increase effective binding affinity. (b) Chaperone effect (e.g. WWOX):^[@bibr31-1535370214566558],[@bibr41-1535370214566558]^ While only the first domain (e.g. WW1 of WWOX) is able to bind to the target (e.g. ErbB4), it is the second domain (WW2 of WWOX) that stabilizes this interaction to obtain the necessary binding affinity. The second domain has lost its ability to bind due to mutations at critical binding positions. (c) Binding-induced-binding (e.g. Nedd4L that outcompetes Pin1):^[@bibr32-1535370214566558]^ In this case, the binding affinity of a weakly binding domain (e.g. WW2 domain of Nedd4L) is increased by positioning it next to its target peptide (e.g. on Smad2) after the first domain (e.g. WW3 domain of Nedd4L) has bound to an adjacent peptide motif. In this case, this binding event might outcompete an original, stronger interaction (trapezoid; e.g. with Pin1). (d) Modulation of binding conformation by adjacent WW domain (e.g. FBP11): An adjacent WW tandem domain (e.g. WW2 domain of FBP11) can change the stability as well as the dynamics of a WW domain (e.g. WW1 domain of FBP11),^[@bibr44-1535370214566558]^ leading to changes in the target peptide bound conformation, and possibly in the binding specificity of the WW domain. (e) Integration of two binding events by competition between stabilization and binding (e.g. Su(dx)):^[@bibr46-1535370214566558]^ A WW domain that can bind its polyproline target in isolation (e.g. WW4 domain of Su(dx)), loses this ability when connected to its tandem WW domain (e.g. WW3 domain of Su(dx)), due to stabilization of a binding-incompatible conformation. Upon binding of the tandem WW3 domain to its own polyproline target, the inhibition of the first is released. This results in an AND switch where full binding is only achieved when both WW domains are bound Figure 3Structures of tandem WW domains reveal a wide range of interdomain flexibility. A range of mobility between WW domains is observed in different solved tandem domain structures. (a) Yeast splicing factor Prp40 WW1--WW2 \[Protein Data Bank (PDB^[@bibr54-1535370214566558]^) id 1o6w^[@bibr45-1535370214566558]^\]. (b) E3 Ubiquitin ligase Su(dx) WW3--WW4 (PDB id 1tk7^[@bibr46-1535370214566558]^). (c) E3 Ubiquitin ligase Smurf2 WW3--WW4 bound to its peptide ligand (PDB id 2kxq^[@bibr33-1535370214566558]^). (d) Human Prp40 homologs FBP11 (PDB id 2l5f) and (e) FBP21 (PDB id 2jxw^[@bibr40-1535370214566558]^). The first WW domain, linker, and second WW domains are shown on the left in pink, in light gray, and to the right in cyan, respectively. The peptide is displayed as black trace (in (c)). Slight reorientations were performed to optimally display flexibility (in FBP21, the first domain is located in the center, in front of the rest)*.* See text for more details. (A color version of this figure is available in the online journal.)

Increased binding affinity through joint binding of tandem WW domains ([Figure 2(a)](#fig2-1535370214566558){ref-type="fig"}) {#sec11-1535370214566558}
-----------------------------------------------------------------------------------------------------------------------------

At one end of the spectrum of tandem domain communication, we describe a scenario in which both tandem domains are independently capable of interacting with the target protein, and when both interactions occur simultaneously, the cooperative effect results in a significant jump in total affinity between the WW protein and its target. Confirmation of the occurrence in nature of this intuitive scenario has remained surprisingly elusive. Nevertheless, the mechanism has been recently observed and documented in a slightly modulated form in the case of the YAP2 (YAP1.2) isoform.^[@bibr35-1535370214566558]^

NMR studies and molecular dynamics simulations have demonstrated that while the thermodynamic details differ between the two WW domains of YAP2---WW2 is structurally folded whereas WW1 undergoes substantially larger conformational changes upon binding,^[@bibr36-1535370214566558],[@bibr37-1535370214566558]^ both tandem domains are capable of binding the target protein. Moreover, ITC measurements reveal that both YAP WW domains are able to interact with ErbB4 PPxY motifs in a physiologically relevant manner (most strongly with the third, PY3).^[@bibr37-1535370214566558]^ Surprisingly, however, when the affinity of joint tandem domain binding is measured, a simple positive cooperative effect is not observed. Rather, a recent study by Schuchardt *et al*. reports that the presence of an additional WW domain alongside a functional, independently binding WW domain in YAP2 in fact has a *negative* effect on that domain's binding with the ErbB4 PY3 target, along with other PPXY peptides.^[@bibr35-1535370214566558]^ That is to say, independently binding WW1 and WW2 domains of the YAP2 isoform each bind the PY3 peptide of ErbB4 with *reduced* affinity when connected to their tandem domain (for this experiment, peptide binding ability of the added domain was abolished by targeted mutagenesis). Interestingly, a modulated form of positive cooperativity was instead observed within the context of this initial negative cooperativity, that is after an initial reduction of binding affinity within the tandem arrangement. In other words, after the presence of an additional WW domain causes an initial drop in its neighbor domain's affinity for the target protein, simultaneous binding of the additional domain to an additional peptide motif restores binding affinity of the entire tandem domain (almost) to that of the isolated WW domain. This is, in short, a *positive* cooperative effect, albeit somewhat modulated for the purposes of controlling threshold levels in cell signaling. As such, it is similar to the positive cooperative effect observed for the WW3--WW4 tandem repeat of Su(dx), discussed below in the text and in [Figure 2(e)](#fig2-1535370214566558){ref-type="fig"}.^[@bibr38-1535370214566558]^

While a straightforward positive cooperative effect between WW tandem domains remains yet to be found in nature, the inverse situation, that of two polyproline motifs in the target protein interacting with a WW domain for overall increased affinity, has indeed been observed. From the side of the peptide, we see a cooperative effect resulting in a sixfold increase in affinity when the YAP WW tandem domains interact with a dual PPxY peptide as compared to single PPxY peptides.^[@bibr36-1535370214566558],[@bibr39-1535370214566558]^ Cooperativity has also been reported between tandem WW domains for the binding of FBP21 (Formin binding protein 21; WBP4) to splicing factor that interacts with polyglutamine binding protein 1 and PP1 (SIPP1) (WBP11) in the sub-spliceosomal complex. The two tandem group III WW domains in FBP21 bind to the group II and III adjacent polyproline motifs in SIPP1 with 60-fold enhancement compared to the individual domain--peptide interactions.^[@bibr40-1535370214566558]^ This cooperativity is of functional importance, as removal of only one of the two WW domain--peptide interactions abolishes splicing.

Increased binding affinity by chaperoning activity of one WW domain on the tandem WW domain ([Figure 2(b)](#fig2-1535370214566558){ref-type="fig"}) {#sec12-1535370214566558}
---------------------------------------------------------------------------------------------------------------------------------------------------

At the other end of the tandem domain communication spectrum, we again observe two domains that collaborate to modulate overall interaction affinity. This time, however, only one of the domains is capable of independently binding the target protein. Due to its structural instability, this first domain only weakly binds the target in isolation. The second domain does not interact with the target protein, but serves as a chaperone by binding the first domain, thus stabilizing the first domain's structure and improving its interaction affinity with the target.

In the example of the two WW domains in WWOX, seen in both activation and clearance pathways earlier, only WW1 binds with any of the potential PPxY motifs on ErbB4 (again, most strongly to the isolated PY3 motif).^[@bibr31-1535370214566558],[@bibr41-1535370214566558]^ Binding is---as if on purpose---abolished for WW2 by change of its sequence at two strategic positions: Y85 and E66 replace the generally conserved residues of WW1 at these positions (W44 and R25, respectively).^[@bibr41-1535370214566558],[@bibr42-1535370214566558]^ Nevertheless, WW2 maintains a vital role in WWOX-ErbB4 binding. According to a recent study, WW2, the more thermally stable of the two WW domains of WWOX, remains structurally folded in isolation, whereas WW1 does not.^[@bibr41-1535370214566558]^ Moreover, WW1 only adopts the standard WW-domain triple-stranded beta-fold when complexed with its chaperone WW2. And while WW1 can autonomously bind ErbB4 without the chaperone effect of WW2, WW1 interaction affinity is increased 2--3 fold when in the tandem WW1--WW2 module. Far from an isolated event, this pattern is repeated in WWOX binding with many of its partner PPxY ligands, among them p73,^[@bibr24-1535370214566558]^ WBP1, and WBP2.^[@bibr42-1535370214566558]^

Increased binding affinity through joint binding of tandem WW domains, in which binding of second domain depends on binding of first domain ([Figure 2(c)](#fig2-1535370214566558){ref-type="fig"} to ([e](#fig2-1535370214566558){ref-type="fig"})) {#sec13-1535370214566558}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Above we presented two extremes on the spectrum of tandem domain communication. At one end, both domains are capable of rather independently binding the target protein. On the other end we again have two domains, the first of which independently binds the target with weak affinity, the second of which apparently never binds the target, but serves to stabilize and improve the binding affinity of the first. The following cases fall somewhere between these two extremes: while none of the WW domains have completely lost their binding ability, the mode of action of one WW domain (or both) is not restricted to its binding, but rather involves also regulation of binding of the tandem WW domain repeat.

### WW domain with weak affinity can bind to its target once a neighboring WW domain--polyproline interaction has been established ([Figure 2(c)](#fig2-1535370214566558){ref-type="fig"}) {#sec14-1535370214566558}

Here, it is the actual *binding event* of one WW domain that triggers conformational and dynamic changes in the neighboring WW domain, leading to changes in structure and affinity of its own interaction. This scenario is observed in the example of Nedd4L binding to Smad2/3 described in the clearance pathway earlier ([Figure 1](#fig1-1535370214566558){ref-type="fig"}, right side) that leads to removal of the Pin1 activator.^[@bibr32-1535370214566558]^ Phosphorylation plays a decisive role in this sequence of events: single phosphorylation (by Cdk8/9 in this case) creates a new binding site for the class 4 WW domain of the activator Pin1, turning Smad2/3 activity ON. The OFF switch is however much more intricate: The phosphorylation above serves also as a recognition signal for another kinase, GSK3, which subsequently phosphorylates a nearby PPXY motif, thereby creating a nearby target site recognized by the WW3 domain of Nedd4L. Importantly, binding of this WW3 domain juxtaposes the preceding Nedd4L WW2 domain to the location of the first motif, thereby increasing significantly its effective binding affinity. Consequently, binding of the Nedd4L WW2 domain releases Pin1 to turn OFF activation. Thus, nearby linear motif ligands on the target might interfere with each other to modulate nearby binding and activity. A similar sequential mechanism has been suggested for the binding of Smurf1/2 to a composite (**p**S/**p**T)P-polyproline motif in Regulatory Smads 1 and 2 (as well as to Inhibitory Smad7, in which case a slightly different motif containing negative charges removes the dependency on phosphorylation, see above).^[@bibr33-1535370214566558]^ Here again, a WW domain is capable of binding Smad1/2/7 in isolation, but collaboration between tandem domains promotes joint, switchable binding in the case of regulatory Smads 1 and 2. This assertion has been contested by a different study of Smurf that suggests an alternative mechanism, in which the sole role of the first WW domain lies in its ability to multimerize,^[@bibr43-1535370214566558]^ a strategy discussed in more detail below. Whatever the mechanism of cooperativity, the different studies agree that the tandem domains of Smurf1/2 bind better to the Smad7 PY peptide than the isolated domains.

### Modulation of binding properties of WW domain by its tandem WW domain repeat ([Figure 2(d)](#fig2-1535370214566558){ref-type="fig"} and ([e](#fig2-1535370214566558){ref-type="fig"})) {#sec15-1535370214566558}

Results from NMR experiments on the FBP11 protein suggest that while the isolated WW1 domain of FBP11 can bind polyprolines in two distinct conformations, where each binds the leucine residue in a different pocket (e.g. XP or XP2), the relative preference for these binding conformations is dramatically changed in the tandem WW1--WW2 construct due to addition of the WW2 domain that influences the flexibility of its binding groove^[@bibr44-1535370214566558]^ ([Figure 2(d)](#fig2-1535370214566558){ref-type="fig"}). Cooperative effects between ligand binding of neighboring domains WW3 and WW4 have been demonstrated also in the suppressor of deltex Su(dx) (homolog of human Nedd4 ubiquitin ligase) using a combination of ITC and NMR experiments.^[@bibr38-1535370214566558]^ In this protein, domain--domain association competes with proper folding and ligand binding ([Figure 2(e)](#fig2-1535370214566558){ref-type="fig"}). While the isolated WW4 domain can bind its ligand Notch, in the tandem construct WW3 domain stabilizes WW4 and by this prevents binding to its ligand. It is only upon binding of WW3 with its own ligand, e.g. a WBP1 peptide, that WW4 is released from this interdomain association to adapt a ligand binding conformation and to bind to the Notch polyproline motif. Thus, binding of WW4 to Notch is regulated by binding of WW3 to its own, distinct ligand. As described earlier, a similar scenario has been suggested recently for YAP2, in which binding of the tandem WW domain to a ligand recovers binding ability of its neighbor WW domain (with the difference that both bind to the same PY3 peptide ligand).^[@bibr35-1535370214566558]^

Solved structures of WW domain tandem repeats highlight the variability of interaction patterns between the tandem domains and the crucial role played by the connecting linker ([Figure 3](#fig3-1535370214566558){ref-type="fig"}) {#sec16-1535370214566558}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

As we have seen earlier, a wide spectrum of tandem domain communication strategies has been interpreted from experimental data regarding several high profile regulatory proteins containing multiple WW domains. However, little is known of the structural dynamics that determine exactly how two domains in a protein will interact to result in the regulatory scenarios described earlier.

Structural work on different tandem WW domain repeats has revealed early on that in addition to the individual WW domains, linker length as well as flexibility can significantly influence binding and activity. As the review by Sudol on tandem WW domains^[@bibr34-1535370214566558]^ pointed out, comparison of solved structures of WW tandem domains, WW1--WW2 in the yeast splicing factor Prp40^[@bibr45-1535370214566558]^ and WW3--WW4 in Su(dx),^[@bibr46-1535370214566558]^ revealed two rather different mechanisms of cooperation between the domains, aimed to serve a rather different function: The helical, rigid linker (12 residues long) between WW1 and WW2 domains in Prp40 is responsible for a fixed, distant orientation of these domains, allowing (in principle completely independent) binding of different targets in a precise spatial orientation for the precise orchestration of the splicing machinery^[@bibr45-1535370214566558]^ ([Figure 3(a)](#fig3-1535370214566558){ref-type="fig"}). In contrast, the helical, but more flexible and longer linker (20 residues long) between WW3 and WW4 domains of Su(dx) allows for a wider, albeit still restricted, range of relative orientations between the two domains---helpful for the interaction of E3 ubiquitin ligases with a wide array of diverse proteins^[@bibr46-1535370214566558]^ ([Figure 3(b)](#fig3-1535370214566558){ref-type="fig"}). A still more rigid mode of association of WW domain tandem repeats has recently been observed in Smurf2, where the two associate to create one stable domain upon ligand binding^[@bibr33-1535370214566558]^ ([Figure 3(c)](#fig3-1535370214566558){ref-type="fig"}; an alternative mechanism of action that involves homomultimerization has also been proposed for Smurf,^[@bibr43-1535370214566558]^ see "Dimerization via WW---WW domain interactions---Another strategy to increase local concentration of polyproline binding domains" section). We note that linker flexibility *per se* is not necessarily conserved: Comparison of the structure of the tandem WW domain region of Prp40 above with two additional solved structures of human Prp40 homologs shows three distinct patterns of flexibility and WW domain interaction: while Prp40 includes a rigid helical linker of 12 residues that rigidly positions the two WW domains far apart from each other ([Figure 3(a)](#fig3-1535370214566558){ref-type="fig"}), a slightly longer, still helical linker in FBP11 results in a relatively rigid, but interacting conformation ([Figure 3(d)](#fig3-1535370214566558){ref-type="fig"}), enabling the mutual influence on the dynamics of neighboring WW tandem domains described earlier. In contrast, the linker between the tandem WW domain repeats in FBP21 is also 12 residues long, but does not form a helix, resulting in a high degree of flexibility and a large variation of WW domain orientations^[@bibr40-1535370214566558]^ ([Figure 3(e)](#fig3-1535370214566558){ref-type="fig"}). On the contrary, its high degree of flexibility has indeed been shown to be crucial for forming a tight interaction with SIPP1 and consequently for proper splicing, as described earlier.^[@bibr40-1535370214566558]^ In YAP2 and medaka TAZ2 isoforms, even higher degree of flexibility between the WW1 and WW2 tandem domains is obtained by yet longer and less structured linkers (35 and 45 residues long, respectively).^[@bibr36-1535370214566558]^ If, however, direct interaction between the domains is needed for the cooperative activity, a longer linker might actually decrease overall affinity, as exemplified in the case of the two Smurf1 isoforms that differ by linker length: It is only the short isoform that shows increased overall binding affinity to Smad7.^[@bibr33-1535370214566558]^

Beyond tandem pairs {#sec17-1535370214566558}
===================

Increased robustness thanks to multiplicity of domains {#sec18-1535370214566558}
------------------------------------------------------

Until now, we have described how tandem WW domain *pairs* communicate for the purpose of raising binding affinity and regulating interactions with a target protein. Frequently, these collaborative efforts are necessary to surpass a given threshold for functional binding, which allows to effectively integrate information from various sources to produce a desired result. This is because individual domains often bind independently with only marginal, nonfunctional affinity. *Multiplicity* of domains, however, may also provide redundancy, and thus increase robustness. Whereas generally the same two domains are coordinated to interact with a target protein, if the affinity threshold for effective functional binding is low enough, alternative matchups of domains may be sufficient to maintain functionality.

Nedd4L, the ubiquitin ligase observed in the Smad regulatory pathway discussed earlier, displays a high degree of flexibility and resourcefulness when interacting with an alternate target protein, Arrestin-Related Domain-Containing Protein-3 (ARRDC3).^[@bibr47-1535370214566558]^ Affinity measurements of all combinations between the four WW domains of Nedd4L and the two corresponding PPxY motifs in ARRDC3 determined that tandem WW domains show higher affinity for the C-terminal domain of ARRDC3. Individually, WW3 binds with the highest affinity to both PPxY motifs, most probably due to its induced fit upon binding. WW2 and WW4 display lower levels of affinity to either motif, and WW1 interacts very weakly with both. Two pairings of WW domains---WW3--WW4 and WW3--WW2---were shown to interact strongly with ARRDC3. However, interaction between regulator and target proteins was not completely nullified until three of the four WW domains were abolished. That is to say, while only two WW domains bind with the target protein at any given time, interaction continued until WW2, WW3, and WW4 were all mutated. Thus, it is not only the multiplicity in WW domains *utilized* during interaction, but also the number of WW domains *available* for interaction, that can add to the strength of a regulator protein.

A similar study has tested the ability of different ligands to bind to each of the four WW domain repeats in the protein Itch (named AIP4 in that study).^[@bibr48-1535370214566558]^ Ligands such as p68 were found to bind each of the WW domains with similar affinity, indicating synergistic binding as described earlier. However, other ligands such as EWS did show specificity for only one specific domain, indicating that Itch might serve as a scaffold to recruit specific ligands to specific domains. Therefore, the very same WW domain repeats in a protein can integrate information in different ways, depending on the ligands involved.

Multivalency and avidity as major players in the game of binding affinity and cellular regulation {#sec19-1535370214566558}
-------------------------------------------------------------------------------------------------

We have considered the multiplicity of tandem WW domains in boosting interaction affinity with target proteins, but we have yet to discuss the reverse, that is the multiplicity of polyproline motifs for the same purpose.

The examples provided previously relate mainly to the mutual effect of tandem WW domains on binding to a site with one or two corresponding linear motifs. As described earlier, the strong binding of FBP21 to SIPP1 is achieved by a cooperative effect of two low-affinity WW domain--polyproline ligand interactions.^[@bibr40-1535370214566558]^ Cooperativity effects seem however not to be the whole story---more and more evidence is accumulating that it is rather *avidity* that plays an important role in many multivalent interactions. In the case of FBP21, binding affinity indeed increases upon providing a second binding site on the target peptide, but importantly, further addition of up to four binding sites on the ligand increases effective binding affinity even more.^[@bibr49-1535370214566558]^ Paramagnetic relaxation enhancement experiments in that study also suggest a dynamic equilibrium between at least two inverse binding orientations. It is therefore not the number of bound, but the number of locally available sites, i.e. multivalency, that determine strong effective binding affinity. These additional sites, and possible orientations, are thought to overall increase the local concentration of the partner, and by this to both enhance the effective on-rate and reduce the off-rate. This highlights the importance of local effective concentration of a partner for strong and biologically relevant binding.

Dimerization via WW---WW domain interactions---Another strategy to increase local concentration of polyproline binding domains {#sec20-1535370214566558}
------------------------------------------------------------------------------------------------------------------------------

The local concentration of peptide binding sites might as well be modulated by WW domain-mediated homo-multimerization. Three separate studies have reported ability of WW domains to homo-multimerize.^[@bibr43-1535370214566558],[@bibr50-1535370214566558],[@bibr51-1535370214566558]^ Specific to WW *tandem* pairs, the WW2 domain of Sav1,^[@bibr50-1535370214566558]^ as well as WW1 of Smurf1 and its homolog WW2 in Smurf2,^[@bibr43-1535370214566558]^ have been shown to undergo functional homo-multimerization. In conflict with Chong *et al*.'s earlier assertion that these Smurf WW domains participate in Smad7 interface binding,^[@bibr33-1535370214566558]^ Aragon *et al*.^[@bibr43-1535370214566558]^ claim they are in fact *non*-binding members of their respective tandem pair/triplet, but rather undergo homo-multimerization to increase the effective binding affinity of Smurf1/2 for the Smad7 peptide motif (via the neighboring Smurf1 WW2 and Smurf2 WW3 domains, respectively).

Intentional impairment of stability or binding ability of WW domains might allow for refined regulation of interactions {#sec21-1535370214566558}
-----------------------------------------------------------------------------------------------------------------------

The same WW domains and WW domain proteins are present in many pathways of varying objectives within the cell, and it appears that full-strength interactions between proteins and their targets are not always ideal. We observe that several of the discussed WW domains in this review include sequence variation at critical sites for both folding stability and binding. As an example, WW2 domain in WWOX contains two such deviations from the general consensus (Y85 and E66) that abolish binding. Indeed, when these residues are reverted to the consensus (E66R/Y85W), this domain can again bind to its ligand peptides in ErbB4, WBP1, and WBP2.^[@bibr37-1535370214566558],[@bibr41-1535370214566558],[@bibr42-1535370214566558]^ Moreover, in Smurf1 WW1 and Smurf2 WW2 domains replacement of a conserved tryptophan with tyrosine reduces stability (e.g. W257Y in the second WW repeat of Smurf2) as well as binding.^[@bibr33-1535370214566558]^ Consequently, both are necessary for functional binding of the target Smad protein, leaving the interaction subject to possible control by contextual effects such as specific phosphorylation at either the peptide-binding or WW domain--domain interfaces.^[@bibr33-1535370214566558]^ The WW domain is among the smallest folding domains and therefore often only marginally stable. As such, this domain is particularly amenable to regulation by structural destabilization and directed re-stabilization by contextual effects, e.g. neighboring tandem WW domain repeats. This sort of self-deregulation is another means of improving the protein's versatility and suitability for regulation by external factors depending upon changing conditions. This is also reflected by the fact that positive cooperativity in peptide binding has so far only been reported in a background in which the ability of a WW domain to bind its peptide target within the context of the tandem domain is *reduced* compared to its binding as a free domain (see above).^[@bibr35-1535370214566558],[@bibr38-1535370214566558]^ This could very well be necessary for maintaining a similar threshold of binding affinity that will elicit the functional outcome for both the case of single WW as well as tandem WW domains that distinguish, e.g. different isoforms.

Differential expression of isoforms with different numbers of WW domain repeats and linker lengths {#sec22-1535370214566558}
--------------------------------------------------------------------------------------------------

Indeed, differential expression of isoforms is another way to modulate interaction of a tandem WW-domain protein with its respective targets. For example, YAP occurs in several isoforms that are expressed under different conditions: the YAP1 isoform contains only one WW domain, and previous findings have shown that YAP1 is a weaker binder, and therefore weaker coactivator, of ErbB4 than YAP2,^[@bibr52-1535370214566558]^ and that it can bind only to I-Smad7 but not to R-Smads.^[@bibr43-1535370214566558]^ Isoforms may also differ in binding affinity due to difference in linker length, as described earlier for Smurf1 binding to Smad7.^[@bibr33-1535370214566558]^

Before we summarize our review, we would like to emphasize that the transient, often very weak nature of peptide-mediated interactions such as those discussed here between WW domains and their polyproline peptide partners makes accurate experimental characterization particularly challenging, and experimental noise might obscure the details, or even miss important interactions. Consequently, part of the proposed scenarios might undergo reinterpretation in the future. One illustration of this possibility is in the varying interpretations of data regarding Smurf1/2 binding to Smad7. While one group interpreted their experimental NMR and fluorescence binding results to conclude that for Smurf2, a tandem WW domain pair cooperatively binds Smad7,^[@bibr33-1535370214566558]^ another group followed up with their own NMR and ITC experiments, only to propose that one WW domain in both Smurf1/2 tandem pairs does not actually bind the target protein at all, but rather serves to facilitate protein homodimerization.^[@bibr43-1535370214566558]^ This dispute not only demonstrates the potential for conflicting determinations based on experimental data, but also opens the door for identifying further domain-communication strategies, in this case dimerization of domains. This leaves us with the need to constantly improve experimental approaches of improved accuracy and scope, but also to develop accurate simulation techniques that will provide structural models of tandem domain interactions to verify the uncertainty of experiment-based interpretation. In addition, it is important to remember that most of the experiments are performed *in vitro*, and it is not always clear whether the same experiments in a corresponding *in vivo* setting would provide equivalent results, and more so, to what extent the reported differences in binding affinities indeed translate to different functional outcomes in the cell.

Future outlook {#sec23-1535370214566558}
==============

We have presented a variety of well-studied systems in which WW domains in tandem were shown to play a range of different roles. How general then are these? Can we find additional examples of regulation using tandem domains? A simple inspection of WW domain-containing proteins in the human proteome (considering 55 proteins with *bona fide* WW domains reported previously^[@bibr53-1535370214566558]^) reveals indeed a wide variation both in the number of WW domain repeats (around half contain more than one WW domain), as well as in the connecting linker lengths. Notably, such variation is also observed among different isoforms of a same protein (15 proteins are expressed as isoforms that differ in the number of WW domain repeats). The discovery of yet novel ways of regulating WW domain-mediated interactions is thus just around the corner. Further considerable accumulation of more experimental data on contextual effects on specific WW domain--polyproline mediated interactions and their classification will open up the horizon toward a golden era of significant advance in our understanding of integration strategies achieved by tandem repeats of WW domains as well as their ligands in particular, as well as peptide-binding domains in general. It is indeed a WoW^[@bibr34-1535370214566558]^ era of tandem research!
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